Schottky diodes with iridium (Ir) contact electrodes on ZnO films were fabricated and characterized in this work. The Schottky barrier height between Ir and ZnO was determined to be 0.824 ± 0.04%, 0.837 ± 0.04% and 0.924 ± 0.04% eV by the thermionic emission model, the Norde model and capacitance-voltage measurement, respectively. It was also found that the ideality factor of the fabricated ZnO-based Schottky diode was 1.68.
Introduction
ZnO is a direct wide band gap material that is sensitive in the ultraviolet (UV) region [1, 2] . Its large exciton binding energy of 60 meV and a wide bandgap energy of 3.37 eV at room temperature make ZnO a promising photonic material for applications of light emitting diodes (LEDs), laser diodes (LDs) and UV photodetectors [3] [4] [5] . High quality ZnO epitaxial layers can be grown by metal-organic chemical vapor deposition (MOCVD) [1] , molecular beam epitaxy (MBE) [6] and pulsed laser deposition (PLD) [7] onto ZnO [2] , sapphire [8] and epitaxial GaN substrates [9] . Recently, it has been shown that it is possible to achieve ZnO epitaxial layers with high electron mobility by multi-step PLD [7] . It has also been found that the saturation velocity of ZnO is higher than that of GaN [10] . Furthermore, it has been reported that ZnO is less susceptible to irradiation effects than GaN [10] . Thus, ZnO-based optoelectronic devices are potentially useful for high-speed operation.
Investigation of the metal-semiconductor contact plays a key role in ZnO device application. It is important to achieve a large Schottky barrier height at the metal-semiconductor interface for high performance UV photodetectors. A large barrier height will lead to small leakage current and high breakdown voltage, and will improve the photoresponsivity and the photocurrent to dark current contrast ratio. To obtain a large Schottky barrier height on ZnO, we can choose some metals with high work functions. Many reports have been published about Schottky contacts on ZnO to date [4] . Sheng et al employed Ag as Schottky contact on ZnO films [11] . Ip et al reported Pt Schottky contacts on n-type ZnO [12] . Both Mosbacker et al and Angadi et al promote the same idea to use oxygen plasma treatment on ZnO films and a conversion from ohmic to rectifying behavior is observed for Au contacts on ZnO [13, 14] . However, many of the high work function metals are still not stable at high temperatures, and severe interdiffusion might occur at the metal-ZnO interface. Iridium (Ir) is an interesting material that has been used as a stable Schottky contact on GaN [13] [14] [15] . Furthermore, Ir is also a good conductor with superior thermal and chemical stabilities. GaN-based UV metal-semiconductor-metal photodetectors with IrO 2 , and GaN Schottky diodes with oxidized Ir/Ni Schottky contacts have also been demonstrated in the past [15] [16] [17] . However, neither the properties of Ir contacts on ZnO nor the characteristics of ZnO-based devices with Ir contacts can be found so far. In this work, we report on the fabrication of ZnO-based Schottky diodes with Ir contact electrodes. The Schottky barrier height between metal Ir and semiconductor ZnO and the related ideality factor are also discussed.
Experiment
The ZnO films used in this study were all grown on sapphire (0 0 0 1) substrates by using radio-frequency sputter (rf sputter) deposition. Rf sputtering is a promising technique for the growth of oxide materials including ZnO, which allows a low-temperature deposition of films with good crystal quality and electrical properties. A sapphire substrate was placed on the top of an anode, which was 50 mm from the ZnO target of 3 inch diameter. During the growth, the working pressure of the chamber was ∼5.0 × 10 −2 Torr while the rf power was 200 W and the ratio of O 2 /Ar gas flow was maintained at 1/10. No substrate heating and bias were applied during the deposition. The thickness of the undoped ZnO film was 1000 nm. Sequentially the ZnO films were annealed at 600
• C for 30 min under atmosphere. The as-grown ZnO films were then characterized by x-ray diffraction (XRD) and Hall measurements.
After deposition of the ZnO films, the ZnO Schottky diodes were then fabricated by the standard photolithography and lift-off methods. Ti/Al/Ti/Au (20/60/20/50 nm) as an ohmic contact was first deposited by thermal evaporation and then was annealed at 525
• C for 3 min under N 2 ambient. Then, a 30 nm thick Ir Schottky contact was patterned and deposited by using an E-beam evaporator. The schematic structure is as shown in figure 1 , the width of the outer ring (ohmic contact region) is 300 µm, and the diameter of the Schottky contact is 250 µm. The gap between the Schottky contact and ohmic contact is 25 µm.
Current-voltage characteristics of the fabricated devices were measured by an HP 4155B semiconductor parameter analyzer. An HP 4284A precision LCR meter controlled by a Keithley 4200 was employed in characterizing capacitancevoltage properties.
Results and discussion
By room temperature Hall measurements, it was found that carrier concentration and mobility of the as-grown ZnO films were 10 13 ± 25% cm −3 and 70 ± 15% cm 2 V −1 s −1 , respectively. It should be noted that we measure several times and obtain similar results each time. This property of our ZnO film is similar to Maeda's result [18] . Figure 2 shows the measured XRD spectrum of the 1000 nm thick ZnO films prepared on the sapphire substrate. We observed a ZnO (0 0 2) reflection peak at 2θ = 34.24
• . The peak occurred at 2θ = 41.8
• in the spectrum was originated from the (0 0 6) plane of the sapphire substrate. Such a result indicates that the ZnO film was preferentially grown in the c-axis direction. Figure 3 shows current-voltage (I-V) characteristics of the fabricated ZnO Schottky diodes. For forward bias and V > 3kT/q, the following equation describes the I-V characteristics of the Schottky diode according to the thermionic emission theory: 
where β = q/kT, S is the contact area. Thus, the plot of dV/d(ln J) versus J will give a straight line with slope SR and the y-axis intercept n/β. Hence the ideality factor n was determined to be 1.68 [19] . In order to evaluate φ B , we then defined a function H(J) from equation (1) as follows:
where
Using the n value determined from equation (2), the plot of H(J) versus J will also give a straight line while the y-axis intercept is equal to n B . Figure 4 shows H(I) as a function of I, where I is JS. It can be found that the intercept value was 1.38 by the calculation. Then the Schottky barrier height between Ir and ZnO was found to be 0.824 ± 0.04% eV.
In this study, we also adopt the Nord method [20] to obtain the value of φ B by plotting the F(V)-V curves. The 
F(V) function is defined as
where I(V) originates from the I-V curve. From the minimum of the F-V curve, the effective Schottky barrier height can be expressed as
where F(V min ) is the minimum point of the F(V) curve and V min is the corresponding voltage. The C-V measurement was performed at 100 kHz. The Schottky barrier height was calculated by
where S is the Schottky contact area of the diode, the permittivity ε for ZnO is 9.0ε 0 [11] , V bi is the build-in potential and all other symbols have their usual meanings. In this equation, it is assumed that the diode does not have an appreciable interfacial oxide layer and that the n-type semiconductor has a uniform donor concentration N D . It can be seen that a plot of 1/C 2 versus V gives a straight line with slope −2/εqN D S 2 and an intercept on the voltage axis V 0 = (V bi − kT/q) by equation (6) . The slope of the straight line can be used to determine the dopant concentration N D and the build-in potential V bi , then the barrier height φ B is obtained as
where N C is the effective density of states in the conduction band. At room temperature, the theoretical value of N C is calculated to be 3.5 × 10 18 cm −3 for ZnO [11] . As shown in figure 6 , it can be found that V bi , N D and φ B were determined to be 0.633 V, 4.57 × 10 13 cm −3 and 0.924 ± 0.04% eV, respectively. The value of N D extracted from the 1/C 2 versus V plot is similar to it measured from Hall measurement. This indicated the accuracy of our Hall measurement. The Schottky barrier height deduced from C-V method is slightly larger than the I-V method. This discrepancy might be due to the Schottky effect of the I-V method or closely related to the lower carrier concentration of our ZnO film.
Summary
In summary, Schottky diodes with iridium contact electrode on ZnO films were fabricated and characterized in this work. The Schottky barrier height between Ir and ZnO was determined to be 0.824 ± 0.04%, 0.837 ± 0.04% and 0.924 ± 0.04% eV by thermionic emission model, Norde model and capacitancevoltage measurement, respectively. The ideality factor was also found to be 1.68.
